We have previously cloned the human Na + /H + exchanger NHE2 gene and its promoter region. In the present study, the regulatory elements responsible for the constitutive expression of NHE2 were studied. Transient transfection assays revealed that the − 40/+ 150 promoter region contains the core promoter responsible for the optimal promoter activity. A smaller fragment, − 10/+ 40, containing the TIS (transcription initiation site) showed minimal activity. We identified a palindrome that overlaps the TIS and binds to the transcription factors Sp1 and Sp3. Mutations in the 5 flank of the palindrome abolished the Sp1/Sp3 interaction and reduced promoter activity by approx. 45 %. In addition, a conserved GC-box centered at − 25 was found to play a critical role in basal promoter activity and also interacted with Sp1 and Sp3. An internal deletion in the GC-box severely reduced the promoter activity. Sp1/Sp3 binding to these elements was established using gel-mobility shift assays, confirmed by chromatin immunoprecipitation and co-transfections in Drosophila SL2 cells. Furthermore, we identified two positive regulatory elements in the DNA region corresponding to the 5 -UTR (5 -untranslated region). The results in the present study indicate that Sp1 and Sp3 are required for constitutive NHE2 expression and that the positive regulatory elements of the 5 -UTR may co-operate with the 5 -flanking region to achieve the optimal promoter activity.
INTRODUCTION
Human NHE2 (Na + /H + exchanger 2) is one of nine members of the family of Na + /H + exchangers. NHEs act as plasma membrane transporters, ultimately functioning to regulate pH i (intracellular pH), cell volume and Na + absorption (for a review see [1] [2] [3] [4] ). Protein and mRNA of NHE isoforms 1, 2, 3 and 8 have been reported to be expressed in intestinal and colonic tissue [3] . NHE1 is localized to the basolateral membrane of intestinal cells and is thought to serve a housekeeping function. NHE2 and NHE3 are localized to the apical membrane in polarized cells and play potentially similar roles in intestinal Na + absorption with differential activities in various segments of the gastrointestinal tract; however, in knockout mice of either isoform, the other isoform did not show any compensatory effect [5, 6] . In rats, NHE8 has been suggested to be important for apical Na + absorption early in life [7] . There is a wealth of data on short-term (post-translational) regulation of the NHE isoforms by various stimuli such as growth factors, hormones and protein kinases [8, 9] and their interactions with the cytoplasmic regulatory proteins [10] [11] [12] . However, little is known about the long-term (transcriptional) regulation of these genes and data in this regard have previously been emerging, mostly on the NHE1 isoform [13, 14] . Among the other isoforms the human and rat promoter sequences for the NHE2 and NHE3 genes have been cloned [15] [16] [17] [18] [19] and their specific characteristics are beginning to be unraveled. For example, the effect of hyperosmolarity, the transcription factor Sp1 (stimulating protein 1) and EGF (epidermal growth factor) on rat NHE2 expression has been described [20] [21] [22] .
Our previous studies demonstrated that the human NHE2 gene is located on chromosome 2q11.2 and is composed of 12 exons and 11 introns [15] . The promoter that governs the NHE2 gene expression is highly GC-rich, lacks both TATA and CCAATboxes and contains multiple Sp1 sites [15] . It also contains other potential transcription factor binding sites, including AP2 (activator protein 2), NF-κB (nuclear factor κB), Oct1 (ocatmerbinding protein 1), CdxA and Cdx-2. The rat NHE2 promoter has also been shown to lack both TATA and CCAAT consensus sequences [16] . A number of potential transcription factor binding sites are conserved between the human and the rat NHE2 promoters. These include recognition sequences for Sp1, AP-2, CACCC and NF-κB; however, variations in some other ciselements exist that may suggest the existence of differences in regulation of NHE2 in different species [15] .
We have recently conducted several studies demonstrating the stimulation of promoter activities of both NHE2 and NHE3 genes in response to PMA. Both genes exhibited up-regulation by PMA through an EGR-1 (early growth response gene product-1)-dependent mechanism [23, 24] . An enhanced protein-DNA interaction between the PMA-induced EGR-1 and a distal GCbox at − 330, in respect to the TIS (transcription initiation site), appears to be responsible for the increased NHE2 mRNA and promoter expression. Binding of PMA-induced EGR-1 to the distal GC-box was coupled with displacement of transcription factors Sp1 and Sp3 from this element [23] .
In the present study, we characterize further the human NHE2 promoter with a focus on the proximal promoter and the 5 -UTR (5 -untranslated region) and report that a GC-box at the − 25
Table 1 Primers used for PCR amplification of the truncated fragments of the NHE2 proximal promoter region
The direction of the primers is indicated by F (forward) or R (reverse). Oligonucleotides are named by the first nucleotide corresponding to the NHE2 promoter sequence with respect to the TIS. Restriction enzyme recognition sites are shown in bold. position is critical for transcriptional activity and binds to the transcription factors Sp1 and Sp3. Furthermore, we report that transcription factors Sp1 and Sp3 also bind to an inverted repeat sequence overlapping the TIS. In co-transfection experiments using Drosophila SL2 cells both Sp1 and Sp3 transactivated the NHE2 promoter individually, whereas combined expression of these factors led to attenuation of the stimulatory effect of Sp3 by Sp1. Finally, our functional analyses detected two positive regulatory elements in the DNA sequences corresponding to the 5 -UTR. These elements seem to be required for optimal activity of the NHE2 core promoter.
EXPERIMENTAL

Chemicals
Chemicals were purchased from Fisher Scientific or Sigma. Restriction endonucleases or other modifying enzymes were purchased from New England BioLabs, Invitrogen or Promega. All radioisotope nucleotides were obtained from AmershamPharmacia Biotechnologies. Molecular biology techniques including restrictions, ligations, plasmid isolations and transformations were performed using standard procedures as described previously [25] . Anti-human Sp1, Sp3, EGR-1, USF (upstream stimulatory factor)-1 and USF-2 antibodies were purchased from Santa Cruz Biotechnology.
Oligonucleotides and plasmid construction
All oligonucleotides were synthesized by Life Technologies, Invitrogen. To clone the various fragments of the NHE2 proximal promoter region, we employed PCR amplification. For cloning purposes, XhoI or HindIII restriction enzyme recognition sequences were introduced into the 5 -end of the sense or antisense oligonucleotides respectively. Fragments of the NHE2 promoter were amplified using construct p − 85/+ 150 as a template along with primers specific for the desired truncation end-points. The nucleotide sequences of the sense strand of the oligonucleotides used to generate these clones are shown in Table 1 , and were based on the human NHE2 promoter sequence (GenBank ® accession no. AF273748). Subsequent to PCR amplifications, the amplicons were digested with XhoI and HindIII, gel purified and cloned into pGL2-basic, which contains a promoter-less luciferase reporter gene. Mutant constructs containing base substitutions were created from p − 85/+ 150 using the QuikChange ® site-specific mutagenesis kit from Stratagene according to the manufacturer's protocol with complementary primers containing the desired mutation. Plasmid p − 85/+ 150 GC, containing a deletion at bp − 23 to − 11 of p − 85/+ 150, was an artifact of PCR amplification randomly isolated during mutagenesis of an unrelated site, which was subsequently corrected by site-specific mutagenesis with wild-type primers to obtain the p − 85/+ 150 GC. To create the 3 -deletion construct p − 85/+ 113, p − 85/+ 150 was doubledigested first with the restriction enzyme HindIII, ends were filled in using the Klenow fragment of DNA polymerase I, digested again with restriction enzyme PmlI, purified and ligated. These digestions released the DNA region between + 113 and + 150. All constructs were verified by sequence analysis.
Cell culture and transfection
The C2BBe1 cell line, a sub-clone of Caco-2 human colonic epithelial cells, was cultured according to standard techniques as previously described [15] . Transient transfection was performed using Lipofectamine TM 2000 reagent (Life Technologies, Invitrogen) according to the manufacturer's protocol. Briefly, C2BBe1 cells were seeded at 1.5 × 10 5 cells/well on 12-well culture dishes and were transfected after 24 h at 80-90 % confluency. A total of 2 µg of DNA, 1.6 µg of test plasmid DNA plus 0.4 µg of pSV-βgal plasmid DNA (a control for transfection efficiency) was used for each transfection. At 4 h after transfection, the DNA/Lipofectamine TM mixture was removed and replaced by regular growth medium (Dulbecco's modified Eagle's medium supplemented with 10 % foetal bovine serum, 10 µg/ml transferrin, 50 units/ml penicillin G sodium and 50 µg/ml streptomycin sulfate). Cells were washed with PBS and lysed using a kit from Promega 48 h post-transfection. Luciferase activity was normalized to β-galactosidase activity in the same lysate and expressed either as a relative increase over the normalized activity of the vector or as a percentage of the control. Co-transfection experiments were performed as described above, except that 1.5 µg of test plasmid was co-transfected with 0.5 µg of either the expression vector or the empty vector. In co-transfection experiments luciferase activity was normalized to total protein concentration as determined by the Bradford protein assay system (Bio-Rad) and are presented as the fold-increase over that obtained with the control empty vector. Transfections in Drosophila SL2 cells were as described previously [24] . All transfection experiments were performed at least three times and each time in triplicate. Values are presented as means + − S.E.M.
Nuclear extract preparation, GMSA (gel mobility-shift assay) and ChIP (chromatin immunoprecipitation) Nuclear proteins were prepared from C2BBe1 cells, and DNAprotein interactions were assessed by GMSA as previously described [25] . ChIP assays were performed using the ChIP-It Express kit from Active Motifs according to the manufacturer's instructions. Briefly, C2BBe1 cells were grown to confluency and protein/chromatin was cross-linked with 1 % formaldehyde for 10 min at room temperature (21) (22) (23) • C). The cross-linking was quenched by adding Glycine Stop-Fix solution for 5 min. The cells were rinsed twice with 1 × PBS, collected and lysed in lysis buffer supplemented with protease inhibitor cocktail (both provided in the ChIP-It kit), on ice for 30 min. Subsequently, cells were homogenized in an ice-cold dounce homogenizer and nuclei were collected by gentle centrifugation (2400 g) for 10 min. The nuclei were suspended in 1.0 ml of shearing buffer and sheared to fragments of 200-800 bp using the enzymatic shearing cocktail provided in the kit for 8 min. Shearing efficiency was confirmed by gel electrophoresis prior to immunoprecipitation of the cross-linked chromatin with the Sp1 and Sp3 antibodies. A negative control antibody and a no antibody control were also used along with the experimental samples. A 50 µl aliquot of the sheared chromatin was used for each immunoprecipitation with 5 µg of antibody and 20 µl of Protein G magnetic beads. Immunoprecipitation was carried out overnight on a rotator at 4
• C. Subsequently the magnetic beads along with the coprecipitated immuno-complexes were collected, washed and resuspended in 100 µl of elution buffer (provided in the ChIPIt kit). Cross-linking of DNA proteins was reversed by incubation at 65
• C in the presence of NaCl and proteins were removed by proteinase K treatment at 42
• C. Immunoprecipitated DNA was purified and used for PCR amplification. As a positive control, a 10 µl aliquot of the sheared chromatin was used for input DNA preparation, and was subjected to reversal of the cross-linking, purification with phenol/chloroform extraction and ethanol precipitation and dissolved in 50 µl of elution buffer. For PCR, 2 µl of each ChIP DNA was examined using the forward 5 -GTGTGCCGGCCAGGTCCCCTTG-3 and reverse 5 -TGCGAGCAGGCGCACTGCCTGGCG-3 primers. The input DNA was diluted 10-fold prior to PCR amplification. The amplification products were resolved on a 1.5 % agarose gel, stained with ethidium bromide and photographed.
Statistical analysis
All graphs and statistics were calculated in Microsoft Excel X (Microsoft Office X). Student's t tests were used to compare samples. P < 0.05 was considered significantly different from control.
RESULTS
The NHE2 core promoter region
In a previous study using primer extension experiments we mapped the NHE2 TIS to an adenine residue 320 nucleotides upstream from the ATG translation start codon [15] . Additionally, by transient transfection assays, we showed that maximal promoter activity was retained in the shortest promoter construct containing only 85 bp upstream from the TIS. These observations suggested that the elements required for basal transcription activity are located in a DNA region downstream from the − 85 position [23] .
To characterize the functional regulatory elements of the proximal promoter region, we evaluated a series of promoterreporter constructs containing various portions of the − 85 to + 150 fragment of the NHE2 promoter, which had the highest promoter activity. These plasmids were transiently transfected into C2BBe1 cells and reporter gene activity as a determinant of the NHE2 promoter activity was measured. The results in Figure 1 are presented as a percentage of the activity of the most active construct (p − 85/+ 150), which was set arbitrarily at 100 %. A 5 -deletion to position − 40 revealed a minimal effect on promoter activity, indicating that all cis-acting elements necessary for the basal NHE2 promoter activity were located in the − 40/+ 150 region. Further 5 -truncation of the promoter fragment to positions − 20 and − 10 exhibited an approx. 70 % reduction in reporter gene activity compared with p − 85/+ 150, indicating that a major positive regulatory element was harboured between nucleotides − 40 to − 20. The promoter-less pGL2-basic vector exhibited a 3 % luciferase activity ( Figure 1A ).
Since p − 10/+ 150 was able to promote approx. 30 % reporter gene activity, we sought to obtain further information about the contribution of the DNA sequences corresponding to the 5 -UTR to the NHE2 promoter activity. We performed functional Figure 1C ). An approx. 10 % promoter activity was exhibited by these constructs and, although this was much less than that of the parental construct, it was significantly higher (3-fold) than the background levels produced by pGL2-basic (3 %). A further 5 -deletion to position + 11 (p + 11/+ 41) abolished the minimal promoter activity showing an activity similar to the background level ( Figure 1C ). The minimally active construct contained only 10 bp upstream from the transcription start site, suggesting that the nucleotide sequences surrounding the TIS are responsible for mediating transcription initiation as well as low-level promoter activity. Thus these results reveal that this small promoter region is sufficient to direct low-level promoter activity, and this activity is stimulated in the presence of upstream (p − 85/+ 41) and downstream (p − 10/+ 150) positive regulatory elements.
Identification of the potential positive regulatory elements in the NHE2 5 -UTR
To correlate the results of our functional studies (Figure 1 ) with the cis-elements present in the proximal NHE2 promoter and its 5 -UTR, we compared the nucleotide sequences of the NHE2 promoter from bp − 85 to + 150 with the databases for DNAbinding transcription factors using MatInspector application (http://www.genomatix.de). A GC-box located between nucleotide − 33 and − 13 upstream from the TIS [15] , and two sequence motifs corresponding to an AP2/Sp1 overlapping sequence and an E-box were identified in the 5 -UTR DNA. A schematic drawing of the NHE2 promoter region spanning the nucleotides − 1051 to + 150 (with respect to the TIS, at + 1) and the location of the potential regulatory elements including those of the − 85 to + 150 region is shown in Figure 2 . The results from our functional analyses ( Figure 1 ) suggested that 5 -UTR DNA regions corresponding to bp + 41 to + 71 and + 70 to + 150 function as positive regulators of the NHE2 basal promoter activity.
Identification of a CpG-island spanning the NHE2 promoter
One of the features of the NHE2 proximal promoter region is the unusually high frequency of CpG-dinucleotides. CpGdinucleotides normally are under-represented in the mammalian genome [26] . A greater than expected rate of CpG-dinucleotides is one of the criteria for the presence of CpG-islands. Thus the high incidence of these doublets prompted us to search the DNA surrounding the NHE2 proximal promoter for the presence of a CpG-island. Using the EMBOSS CpGplot, it was shown that the proximal promoter region was embedded in a CpG-island. To identify the 5 -and 3 -boundaries of this potential CpG-island, we used DNA sequences of a 1.6 kb genomic DNA from our previous studies that contained sequences corresponding to nucleotide sequences 1.0 kb upstream and 0.6 kb downstream from the TIS of NHE2 (GenBank ® accession no. AF273748 and AF073299). Using CpGplot, a potential CpG-island was detected that spanned from bp − 435 to + 501 extending beyond the translation start site at + 316 ( Figure 2 ). The NHE2 putative CpG-island conforms well to the criteria set for the CpG-islands [27] by having a GC content of 76 %, a length of 936 bp, and a ratio of observed compared with expected CpG-dinucleotides of 0.73.
Transcription factors Sp1 and Sp3 interact with the TIS of the human NHE2 gene
The results obtained from the functional analysis of the p − 85/+ 4 and p − 85/+ 11 ( Figure 1B) were intriguing, as these plasmids, which contain the TIS and the upstream GC-box, had complete loss of promoter activity, whereas sequences corresponding to − 10 to + 41 exhibited low promoter activity. Therefore we hypothesized that either factors binding to the TIS extend beyond the sequences immediately surrounding the transcription start site, which may be disrupted in p − 85/+ 4 and p − 85/+ 11, or the transcription is initiated in a region between + 11 to + 41, as p − 85/+ 41 exhibited a moderate (∼ 30 %) promoter activity ( Figure 1C) . We ruled out the latter possibility Gel-shift analysis was carried out using 5 µg of C2BBe1 cell nuclear proteins. The end-labelled probe used in these assays was the double-stranded oligonucleotide from − 12 to + 20, shown as TIS in Table 2 . Binding reactions were performed in the presence or absence of competitors (50-fold molar excess) or in the presence of anti-Sp1 and -Sp3 antibodies (2 µg/lane) as indicated at the top of the Figure. All oligonucleotides used in the experiments are shown in Table 2 . Four bands showed specific binding to the − 12/+ 20 probe and are indicated by C1-C4. To separate the DNA-protein complexes the gel represented by numbers 4-9 was run for a longer time than the others that resulted in weaker interactions of C4. NS, non-specific nucloetide; N3, an oligonucleotide from the NHE3 promoter that we have shown previously binds Sp1 and Sp3. An arrowhead indicates the Sp1-supershifted band. since p + 11/+ 41 had luciferase activity similar to the background level determined from the promoter-less vector and our previous primer extension experiments with RNA from Caco-2, T84 and C2BBe1 cells had displayed only one extension product mapping to the + 1 position as in Figure 2 [15] . To test our first hypothesis and identify the potential proteins that might bind to the TIS region, we performed GMSAs. In these studies, incubation of nuclear proteins from C2BBe1 cells with an end-labelled probe (− 12/+ 20) produced four DNA-protein complexes ( Figure 3, lane 1) . These nucleoproteins were shown to be specific by competition assays with an unlabelled probe, which eliminated all DNA-protein interactions, whereas an unrelated oligonucleotide used as a non-specific competitor did not alter DNA-protein complex formation ( Figure 3, lanes  1 and 2) . A careful visual examination of the nucleotide sequences surrounding the TIS revealed the presence of a palindrome sequence (GGCA +1 GGGCCTGCC), which overlaps with the TIS indicated as + 1 and extends to position + 10. The inverted repeat elements have sequence homology with the Sp1 consensus sequence and we noted that the pattern of migration of these nucleoproteins (Figure 3 ) was similar to those of the Sp1 and Sp3 interactions with the Sp1-binding site that we have observed previously with the NHE3 and NHE2 promoters [23, 24] (and see below). To verify the possibility of the presence of Sp1 family members in these complexes we used an unlabelled Sp1 oligonucleotide containing the Sp1 consensus sequence in competition experiments (Figure 3, lane 11) . This competitor removed nucleoproteins C1-C3, but not C4, indicating that the protein components of these complexes were Sp1 related. In addition, an oligonucleotide from the NHE3 proximal promoter region, which binds Sp1 and Sp3 [24] , also eliminated all of these complexes ( Figure 3, lane 4) . These findings were confirmed further by supershift assays where an antibody specific for Sp1 (Figure 3, lane 8) supershifted C1, and an anti-Sp3 antibody eliminated C2 and C3 (Figure 3, lane 9) revealing that the protein involved in the formation of C1 is Sp1 and that the protein component involved in the formation of C2 and C3 is Sp3.
In the competition assays C4 was removed with the unlabelled probe, but not with the non-specific oligonucleotide or Sp1 oligonucleotide, suggesting that its interaction with the probe may be specific and unrelated to Sp1 family members. The TIS probe (− 13 to + 20) contains a sequence CCGCTG, which shows a weak similarity to the consensus E-box motif CAGCTG. To determine whether the C4 complex could be related to E-box-binding proteins, we performed competition assays with the consensus E-box oligonucleotide. Interestingly, the C4 complex was eliminated by the E-box-consensus-binding site ( Figure 3, lane 9) , however, antibodies to USF1 or USF2 did not affect the C4 complex in supershift assays (results not shown), indicating that the protein component of this complex may share homology with USF1/USF2 for the DNA-binding site but it is serologically different from these transcription factors. We also noticed that a longer electrophoresis time resulted in the elimination of the majority of the C4 complex, implying that it might form weak binding with the probe, perhaps due to low binding affinity of the protein to a non-canonical ciselement or a suboptimal ionic strength of the buffers used in the binding reaction or running buffer. The identity of the protein in nucleoprotein C4 is not clear at this point. In addition, there are several C/GCTGC/G repeats in the TIS region, the significance of which is not known. These sequences are underlined in Figure 2 .
Mutational analysis of the TIS
To determine whether sequences contained within the transcription initiation region participate in the transcriptional activity, specific mutations were designed to disrupt the potential proteinbinding sites (Table 2) . When the unlabelled TIS probe was divided into two portions at nucleotide + 4 (TIS-1 and TIS-2) and used as competitors neither one was able to compete with the formation of any of the DNA-protein complexes ( Figure 4A,  lanes 3 and 4) . Oligonucleotide TIS-3, containing nucleotides − 3 to + 12, was also unable to compete with interactions of these proteins with the probe ( Figure 4A , lane 5), whereas TIS-4, which contained five additional base pairs in it 5 -end compared with TIS-3, removed all complexes. These results suggested that sequences around the + 4 position are required for complex formation. Next, we introduced base substitutions in the 3 -and 5 -flanking regions of the palindrome. In competition assays, TIS-m1 (which contains base substitutions in the 5 inverted sequence) was unable to compete ( Figure 4A, lane 8) , whereas mutations in the 3 inverted repeat sequence competed out all complexes ( Figure 4A,  lane 7) . The TFIID consensus sequence was also ineffective for competition with any of the nucleoproteins (results not shown).
Figure 4 Mapping of the Sp1-binding site and functional analysis of the mutated TIS element
(A) GMSAs were performed with nuclear proteins from C2BBe1 cells and with the wild-type TIS oligonucleotide as the end-labelled probe. As expected, four nucleoproteins were formed and are indicated on the left-hand side. Nuclear proteins (5 µg) and a 50-fold molar excess of competitor oligonucleotides were used in each reaction with 50000 c.p.m. of the end-labelled probe. The oligonucleotides that were truncated or altered at specific nucleotides and used for competition assays or construction of mutated plasmids are shown in Table 2 . (B) Mutated constructs were generated in the context of p − 85/+ 150 by site-specific mutagenesis using primers m-TIS#1 and m-TIS#2 shown in Table 2 and as described in the Experimental section. C2BBe1 cells were transfected with the wild-type and mutated constructs along with pSV-βgal. Normalized luciferase activities were determined and compared with the wild-type promoter activity, which was set arbitrarily at 100 %. All transfections were repeated three times each in triplicate.
When TIS-m1 was used as an end-labelled probe in GMSAs, these complexes were no longer detectable, indicating that the altered bases in TIS-m1 resulted in loss of factor recognition sequences. In contrast, mutations in TIS-m2 had no effect on complex formation (results not shown).
To analyse further the contribution of the palindromic sequence to the NHE2 promoter activity, TIS-m1 and TIS-m2 mutations were introduced into the construct p − 85/+ 150 and the luciferase activity of the mutant constructs was determined after transient transfection into C2BBe1 cells ( Figure 4B ). Transfection of pTISm1, in which the TIS along with the overlapping 5 half of the palindrome were mutated, led to a 43 % reduction in reporter gene activity compared with the wild-type construct. In contrast, transfection of pTIS-m2, containing a mutation in the 3 half of palindrome, did not alter the reporter gene activity.
The transcription initiation region is trans-activated by the transcription factor Sp1
We have shown that transcription factors Sp1 and Sp3 interact with the transcription initiation region (Figures 3 and 4) . These findings imply that these proteins may trans-activate the promoter construct p − 10/+ 41. To determine this directly, we performed co-transfection assays with a pRC-CMV derivative Sp1 expression vector and p − 10/+ 41 in C2BBe1 cells. In these experiments 1.5 µg of test plasmid was co-transfected with 0.5 µg of pCMV-Sp1 or the empty vector. The results are shown in Figure 5 and are compared with the activity of p − 85/+ 150 in the presence or absence of the Sp1 expression vector. As shown, Sp1 could trans-activate the activity of p − 10/+ 41(1.8-fold), although at the same concentration it had a higher effect on p − 85/+ 150 (4.4-fold).
Sp1 and Sp3 bind to the GC-box centered at − 25 and enhance NHE2 promoter activity
We next sought to characterize the GC-box at the 5 -flanking region and investigate its contribution to the NHE2 promoter Nuclear proteins binding to the GC-box were examined by GMSA in combination with competition and supershift analyses using nuclear extracts from C2BBe1 cells and a probe spanning the GC-box from bp − 37 to − 14. This element is composed of three overlapping Sp1-and one EGR-1-binding sites ( Figure 6A ) and formed four nucleoprotein complexes (C1-C4) with C2BBe1 nuclear proteins in GMSA ( Figures 6B or 6C, lane 1) . To examine the specificity of these complexes, competition assays were carried out. Competition experiments in the presence of unlabelled Sp1 oligonucleotide containing the consensus Sp1-binding site resulted in removal of C1, C2 and C4 bands ( Figure 6B, lane 2) , suggesting that the protein components of these complexes belonged to Sp1 family members. All four complexes were eliminated when unlabelled probe was used as a competitor ( Figure 6C, lane 7) . The identity of the protein component of these DNA-protein complexes was determined by supershift analysis using anti-Sp1, -Sp3 and -EGR-1 antibodies ( Figure 6B, lanes 3-8) . These results revealed that Sp1formed C1, and C2 and C4 were generated by interaction with Sp3. Moreover a very faint band corresponding to EGR-1-DNA binding was only visible subsequent to the removal of Sp1 or Sp3 by their cognate antibodies or competitor Sp1 oligonucleotide. The identity of the protein forming the C3 band, which is unrelated to Sp1, is not known.
Further competition assays were carried out with mutated oligonucleotides carrying base substitutions in Sp1-binding sites ( Figure 6A ). Competition with the unlabelled GC-mA oligonucleotide eliminated all nucleoproteins ( Figure 6C , lane 2), indicating that this oligonucleotide was competent for binding to all of the proteins that interacted with the probe. This was confirmed further by GMSA, where GC-mA was used as the endlabelled probe ( Figure 6C, lanes 4 and 5) . In contrast, interaction of nuclear proteins with the labelled probe was not altered in the presence of GC-mC ( Figure 6C, lane 9) , which retains an unaltered Sp1-a and Sp1-b, whereas competition with mutated Sp1-b oligonucleotide, GC-mB, showed a minor reduction in the intensity of all of these complexes ( Figure 6C, lane 8) . These results revealed that, although the consensus Sp1-binding sequence CCCGCC at the Sp1-b site is present in GC-mC, it is unable to interact with its respective proteins, indicating that sequences flanking the consensus sequence are important for the DNA-protein interaction at this site. Furthermore, in GC-mB the Sp1-c motif is intact yet it could barely compete with complex formation with the probe, suggesting that the Sp1-c motif also does not bind to Sp1/Sp3 efficiently. As shown in Figure 6 (C) (lanes 10 and 11) no DNA-protein interactions were detected in GMSA using GC-mB and GC-mC as end-labelled probes.
Sp1 and Sp3 are essential for NHE2 promoter activity
To evaluate the functional role of Sp1 and Sp3 binding to the GC-box at − 25 in NHE2 promoter activity, the same site-specific mutations that were used in the GMSA and prevented the Sp1/Sp3 interaction with the probe were introduced into p − 85/+ 150 to generate p − 85/+ 150 (GC-mB) and p − 85/+ 150 (GC-mC). Another mutant construct was generated by deletion of nucleotide sequences from bp − 23 to − 11, which removed binding sites Sp1-b and Sp1-c. The wild-type and mutant constructs were transiently transfected into C2BBe1 cells and the reporter gene activity was analysed. The results shown in Figure 6(D) , revealed that mutations GC-mB or GC-mC each reduced the reporter gene activity by approx. 30 % of the wild-type promoter, whereas the internal deletion mutant in which the nucleotide residues corresponding to both Sp1-b and Sp1-c were deleted had a dramatic decrease in transcriptional activity (80 %). Thus these studies reveal that the altered nucleotides in Sp1-b and Sp1-c contribute to the promoter activity and underscore the critical role of the GC-box element at − 25 in the basal transcriptional activity of the NHE2 gene.
Sp1 and Sp3 act as positive regulators of the human NHE2 promoter in Drosophila SL2 cells
To confirm the involvement of transcription factors Sp1 and Sp3 in transcriptional regulation of the NHE2 promoter, the effect of Sp1 and Sp3 overexpression on NHE2 promoter regulation was examined by co-transfection studies in Drosophila SL2 cells. SL2 cells are devoid of endogenous Sp1 [28, 29] and have been used as an invaluable model system to study the role of exogenously introduced factors on transactivation of co-transfected promoters from various genes. The NHE2 promoter-reporter construct p − 85/+ 150 along with pPacSp1, pPacSp3 and pPacSp4 or a combination of these expression vectors were co-transfected into SL2 cells and the effect of these transcription factors on the NHE2 promoter activity was determined relative to the empty vector ( Figure 7 ). In the absence of these transcription factors, the reporter construct p − 85/+ 150 was completely inactive in SL2 cells. Sp1 and Sp3 were both able to dose-dependently transactivate the NHE2 promoter; however, Sp3 trans-activated the basal promoter activity at dramatically higher levels than those of the Sp1 expression vector ( Figure 7A ). In contrast, Sp4 expression had no effect on NHE2 promoter activity (results not shown). When added together, co-expression of a constant amount of Sp1 with increasing concentrations of Sp3 expression vector led to diminished Sp3-stimulated promoter activity ( Figure 7B ), suggesting that, at higher concentrations of Sp3, Sp1 might play an inhibitory role in controlling the human NHE2 promoter activity and that the ratio of Sp1 to Sp3 in the cell may be a factor in the level of NHE2 gene expression.
Sp1 and Sp3 are associated with the NHE2 promoter in vivo
We have demonstrated that Sp1 and Sp3 can bind to the NHE2 proximal promoter region and the exogenous expression of these transcription factors can trans-activate NHE2 promoter-driven reporter gene activity. To examine the interactions of these transcription factors with the NHE2 promoter in vivo, we performed ChIP assays. C2BBe1 cells were grown to confluence, chromatin was cross-linked using formaldehyde and sheared chromatin was Transfected cells were harvested after 48 h and luciferase activities were determined using the luciferase assay system from Promega. Luciferase activity was normalized to cellular protein content. The activity indicated represents the fold-induction in luciferase activity relative to that obtained from co-transfection with the empty vector pPac0. These experiments were repeated three times each in duplicate and the results from one such experiment is shown. (C) ChIP assays with anti-Sp1 and -Sp3 antibodies. Cross-linked chromatin was isolated from C2BBe1 cells subsequent to formaldehyde treatment. ChIP assays were performed with anti-Sp1 and -Sp3 antibodies. Primers indicated in the text were used to amplify the NHE2 promoter region using the co-immunoprecipitated DNA as template. The PCR products were resolved on a 1.5 % agarose gel. Ab, antibody; Ng Ab, negative control antibody.
isolated and subjected to immunoprecipitation using anti-Sp1, -Sp3 and negative control antibodies. Following purification and reversal of cross-linking, proteins were digested, immunoprecipitated DNA was purified and subjected to PCR amplification. These results revealed that the NHE2 promoter region was enriched by immunoprecipitation with Sp1 and Sp3 antibodies compared with the negative control antibody ( Figure 7C ), demonstrating that both Sp1 and Sp3 are associated with the NHE2 promoter on the chromatin in vivo in basal growth conditions.
DISCUSSION
In the present study, we aimed to identify the cis-acting DNA elements and their cognate transcription factors that are required for the expression of the human NHE2 gene in the basal constitutive condition. We have specifically focused on the DNA elements in the proximal promoter region and the 5 -UTR. Our functional analyses of the promoter region show that a GC-box just upstream from the TIS is essential for NHE2 promoter activity. We have identified transcription factors Sp1 and Sp3 as activators of the basal NHE2 promoter activity that not only bind to the upstream GC-box, but also to the TIS.
In an attempt to delineate the cis-elements that mediate the constitutive activity of the NHE2 promoter, we generated a number of 5 -and 3 -deletions in a construct carrying the NHE2 proximal promoter. Our functional analyses revealed that, in addition to a critical GC-box in the 5 -flanking region, the 5 -UTR of the human NHE2 gene carries important cis-elements that are involved in the constitutive expression of the human NHE2 gene. We mapped the positive regulatory elements of the 5 -UTR to an AP2/Sp1 element at + 60 and an E-box at + 113. We showed that maximal constitutive promoter activity is directed by sequences from − 40 to + 150, indicating that not only the sequences immediately upstream from and spanning the TIS are critical for the constitutive activity of the NHE2 promoter, but also elements located in the 5 -UTR are essential for the full activity of this promoter. In addition, modulation of these factors under certain stimulatory conditions may serve to mediate the regulatory effects of those particular signals. E-box motifs have been identified within the 5 -UTR of the PANDER (pancreatic-derived factor) promoter [30] and shown to mediate the glucose-responsiveness as well as tissuespecific expression of the PANDER gene. Similarly, multiple AP-2 elements in the first exon of the human vacuolar H + -ATPase B2 subunit gene are required for transcriptional activation of the B2 promoter during monocyte to macrophage differentiation [31] .
Promoters such as the NHE2 promoter that lack the TATA-and CCAAT-box often contain multiple Sp1-binding sites and may also contain additional regulatory elements such as the transcription Inr (Initiator). The Inr elements have been shown to act either with a TATA-box or in its absence independently to promote transcription [32] . The sequences immediately surrounding the TIS of the NHE2 gene, GCA +1 GGG, exhibit weak homology with the transcription initiator consensus sequence YCA +1 NT/AY [33] (Y is a pyrimidine and N is a T or G or C, but rarely an A), where only the core nucleotides CA are conserved. However, as suggested by Smale [32] , pyrimidines may not be required in all positions indicated in the consensus sequence, although their presence enhances Inr activity. One of the factors that may bind the Inr element is TFII-I [34, 35] , which, upon binding through its interactions with the TBP (TATA-binding protein), recruits the transcription pre-initiation complex to the transcription start site and potentiates the transcription. TFII-I is a helix-loop-helix protein, which has been shown to interact with the transcription factor USF and activate transcription [36] [37] [38] . Among other proteins, that bind to the Inr element and enhance transcription of the target gene are the E-box-binding protein USF1 [36] , Yin Yang protein YYI [39] and Sp1 [40, 41] . Analysis of the DNA sequences surrounding the NHE2 TIS revealed that the TIS is overlapped with a palindrome. Using GMSAs and supershift experiments we showed that transcription factors Sp1 and Sp3 interact with the 5 flank of the palindrome and TIS. A small DNA fragment spanning the TIS (bp − 10 to + 41) exhibited low levels of reporter gene activity in the absence of the upstream and downstream activator sequences. Activity of this fragment was enhanced approx. 3.5-fold in the presence of either upstream GC-box or downstream activator elements. Mutations in the TIS sequence, which also eliminated Sp1/Sp3 binding, led to a 43 % reduction in NHE2 promoter activity. Through these experiments we established that Sp1 and Sp3 interact with the NHE2 transcription initiation region and may be involved in both transcriptional activation as well as transcription. These results are consistent with the notion that Sp1 can recruit the basal transcription machinery to the promoter region in the absence of the TATA element. Sp1 is important both in transcriptional activation and initiation [41] and can be regulated by multiple regulatory mechanisms in a cell-and tissuespecific manner [42, 43] .
Functional analyses of the NHE2 promoter suggested that the GC-box centered at − 25 is essential for the optimal promoter activity. By GMSA and supershift experiments, we identified Sp1 and Sp3 as trans-acting factors that bind to this region at basal growth conditions. Competition and mutational analysis revealed that the Sp1-b-binding site might be the only authentic Sp1 motif, as mutant oligonucleotides with intact Sp1-a or Sp1-c did not bind to nuclear proteins. Despite the lack of protein binding to GC-mB and GC-mC probes, the constructs containing the same mutations had relatively high promoter activity (70 % of the control). In contrast, an internal deletion that removed sequences corresponding to the Sp1-b and Sp1-c motifs severely reduced the activity by 80 % compared with control. These results suggest that co-operation with the downstream regulatory elements may be responsible for stabilizing DNA-protein interactions in the mutated constructs and their promoter activity.
The contribution of Sp1 and Sp3 to the basal activity of NHE2 was confirmed by co-transfections in SL2 cells. Addition of Sp1 or Sp3 individually resulted in a dose-dependent activation of the reporter gene activity and Sp3 consistently stimulated the NHE2 promoter activity to a greater extent than that of Sp1. Furthermore, co-expression of Sp1 with different concentrations of Sp3 exhibited a negative effect on the Sp3-stimulated transactivation of the reporter gene. These findings are in contrast with the effects of Sp1 and Sp3 on the rat NHE2 promoter, where a positive regulatory role for Sp1 and an inhibitory role for Sp3 have been reported [21] . In addition, a single DNA-protein complex was formed with the rat GC-box [21] , whereas our results show four nucleoprotein complexes with the same region. These discrepancies may reflect cell-or species-specific differences and a differential mechanism of transcriptional control between the human and rat promoters. These findings strongly suggest that transcription factors Sp1 and Sp3 are involved in the constitutive expression of the NHE2 gene and show that these factors may be involved in both transcriptional activation and initiation of transcription. Previously we have shown by Western blot analysis that both Sp1 and Sp3 are expressed in C2BBe1 cells [23] ; therefore they may be constantly available for the constitutive expression of the NHE2 gene. Metabolic acidosis in rats has been shown to increase the NHE2 transport activity, as well as mRNA and protein levels [44] . In addition, low pH has been implicated in enhanced DNA-binding activity of Sp1 to Sp1-binding sites and its stable interaction with TBP in the human epidermoid cancer KB cells [45] . Our recent findings also show increased DNA-binding affinity of Sp1/Sp3 to both the GC-box at − 25 and the TIS in nuclear proteins from acidified (pH 7.0) C2BBe1 cells (J. Malakooti, Y. Zhu and K. Ramaswamy, unpublished work). Therefore it is possible that the enhanced DNA-binding activity of the Sp1 transcription factor could contribute to up-regulation of the NHE2 gene under conditions of cellular acidosis.
We also found that the NHE2 proximal promoter is embedded in a CpG-island. The CpG-islands often coincide with the promoter region in housekeeping genes where they are unmethylated; they may also be present in the promoter region of genes that are expressed in a tissue-/cell-specific fashion. The CpG-islands in the promoter region of the latter group of genes are usually methylated and the state of DNA methylation of the CpGdinucleotides may govern the expression of the downstream gene. Although the NHE2 promoter contains a number of attributes of the housekeeping gene such as high GC-content, lack of TATA and CCAAT-boxes and the presence of a putative CpGisland, it is well-known that the NHE2 gene is expressed in a tissue-/cell-specific fashion [46, 47] . However, the significance of a CpG-island in the NHE2 promoter has not yet been determined and needs to be established experimentally. In summary, our results revealed that cis-elements for Sp1/Sp3 binding in the NHE2 promoter are mainly responsible for constitutive NHE2 promoter activity and positive regulatory elements in the 5 -UTR may co-operate with the upstream elements to mediate the optimal NHE2 activity. These results also suggest that NHE2 gene expression may be regulated by several mechanisms, including the use of activator elements and their corresponding binding factors and by epigenetic mechanisms involving the potential CpG-island embedded in the promoter region. It is of interest to determine whether these elements affect regulation of the NHE2 gene expression in response to various extracellular stimuli, developmental and tissue-/cell-specific conditions. These studies were supported by the NIDDK (National Institute of Diabetes and Digestive and Kidney diseases) grants RO1-DK33349 (to K. R.), RO1-DK67990 (to K. R.) and PO1-DK067887 (to K. R., P. K. D. and J. M.). We thank Dr R. Tjian (Department of Molecular and Cell Biology, University of California, Berkeley, CA, U.S.A.) and Dr G. Suske (Institut für Molekularbiologie und Tumorforschung, Philipps-Universität Marburg, Marburg, Germany) for their generosity in providing the expression vectors used in the present study.
